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Abotraet:
Gas Chromatography was ussd to sxam ine tha catalytic c/s- 
hydroxylation of cyclohaxsna using osmium catalysts with hydrogen 
peroxide in toluene. Cata lysts tested, in a manner sim ilar to 
M ila s (1 9 3 7 ),1 were O s 0 4 , K2 [0 s 0 2 (0 H )4], (PPh4 )2 ( O s 0 2CI4 ) and
0 8 0 [C H 2S i(C H 3)3]4 . The 0 s 0 4 catalyst produced an amount of c/s-
cyclohexane diol corresponding to an osmium metal center turnover of 1.3 
in 12 hours. The K2[0 s 0 2(0H)4], (P P h j^ O aO gC ^  and OsO[CH2Si(CH3)3]4
compounds tested produced no detectable reaction. Under the reaction 
conditions used the osmyl compounds, K 2 [0 s 0 2 (0 H )4 ] and
(PPh4)2(0 s0 2C l4), should have been oxidized to osmium teroxide to begin
the catalytic cycle .2 
In troduction:
Unlike ruthenium and rhenuim, both of which elements it resembles in a 
number of respects, osmium assumes a wide range of oxidation states, 
from VIII to 0 inclusively. At the moment knowledge of Its chemistry is 
very limited, particularly in the areas of high oxidation state chemistry, 
reaction kinetics of its complexes, and of detailed magneto chemistry of 
its compounds.
Osmium as an active metal forms many complexes. A  brief summary of 
the type of complexes osmium forms in its various oxidation states is as 
follows:
OSMIUM VIII, VII, VI.9
With the exception of hepta- and hexafluoride, all of the established 
osmium complexes of these states contain an oxide or nitride ligand. 
Octavalent species are all easily reduced to the hexavalent or lower 
states. Heptavalent osmium Is rare, being represented only by OsOy, 0 s 0 5
and a number of layer latioe oxide types. A  wide range of hexavalent 
species are known, most Involving the linear 0 - 0 s - 0  group.
OSMIUM V, IV.9
The pentavaient state is represented only by the pentafluoride and salts 
of (OsFg)*. The tetravalent is the most oommon oxidation state for the
element and many Group VII and Group VI ligands form complexes with it 
as do a number of nitrogen donor ligands, but there are few carbon donor 
oomplexee.
OSMIUM III, II.3
Most trivalent osmium complexes are easily oxidized to the tetravalent 
state but, if the ligands have strong p i acceptor properties there may be a 
reduction to the divalent state. Probably more complexes are known for 
osmium II than osmium IV, but a greater diversity of ligands will 
coordinate with osmium IV. It is in this sense that it is the most common 
oxidation state.
OSMIUM 1,0.3
These are both rare oxidation states for the element: some monovalent 
carbonyl halides are known, and the only zerovalent species so far 
reported are the carbonyls.
The following paragraphs will discuss the structures and properties of 
osmium compounds pertinent to this study.
Osmium Tetroxide which exists in one form only (two forms were once 
p o s tu la te d 4), as a pale yellow solid (m.p. 40.6°,b.p. 131.2°), is the 
commonest compound of osmium, though it is certainly one of the least 
pleasant to handle due to its considerable volitility (v.p. 11mm @ 27°) and 
toxicity. Its toxic nature involves particularly the eyes, nose, and throat. 
Fortunately OSO4 has a characteristic powerful odor to indicate its
presence4
X-ray studies have shown the solid crystallzes in the monoclinic system 
(a-9 .397, b -4 .515, c -8 .362  A, B e ta -116 .6°e), the latest X-ray
measurements giving an oxygen-osmium distance of 1.717A,* the molecule 
being tetrahedral (Fig. 1).7 The compound is sparingly soluble in water, 
6.47g per 100g of water at 18°. It is more soluble in organic solvents, 
250g per 100g of carbon tetrachloride at 20°.
0 * V , *? 7 1 7 A  US
o '  - o
Figure 1
Osmium tetroxide is a very powerful oxidizing agent, a fact that has 
been exploited for organic synthesis to create a variety of compounds. It 
will react with hydrochloric acid to give halo species of the form 
[0 8 (V I)0 2CI4]2* and eventually [OsOVJCIgr". It is easily reduced by
hydrobromic acid to [0a02Br4l2*and [OsBre)2'.3 Osmium tetroxide will
(2)
also react with donor molecules such as ammonia and phosphorus 
trihalides to give 1:1 or 1:2 adducts,8 and it also forms adducts with a 
number of organic molecules and organic bases.0
The compounds K2[0 s0 2(0 H4)] and [PPh4]2(0 s0 2C l4) are osmyls, an
important class of compounds for osmium. Osmyls contain a linear 0 - 0 s - 0  
unit and four other ligands in an equatorial plane completing an axially 
distorted octahedron(Fig. 2).3 Osmyls are also all diamagnetic. X-ray data 
for l<2(0 s0 2 C l4) and K2[0 s0 2 (0 H)4] show that in this linear group the Os-O
bond length is 1.75 A (similar to 1.717A for O8O4), which corresponds to a
doudle bond. I.R. studies also confirm the double bonding in the osmyl 
linkage.10
Latt and Symons have explained the diamagnetism of these complexes by 
assuming that the tetragonal distortion brought about by the strongly p i 
donating oxide groups If sufficient to cause pairing of the spins of the two 
d  electrons in the lower d Xy  level, assuming the axis of the osmyl group
to define the z  axis; the transitions observed in the electronic spectrum 
of [O sC^ O H^ ]2* can then be satisfactorily explained.11
Potassium osmate ; ^ [O ^ C ^ O H ^ ] in particular is a very useful starting
material for other osmium complexes. This compound is most easily made 
by reduction of O8O4 in solution with ethanol.10 As well as potassium,
barium and sodium salts are also known, all being purple in color. 
Potassium osmate will react with halogen adds to give K2[0 s0 2 (0 H)2X 2]
or (<2(0 80 2 X 4) (X-CI, Br) or on prolonged treatment K2(OsXg) (X-CI, Br, or
i).3 Many osmyl complexes can be easily oxidized to form osmium 
tetroxide.12
OsO[CH2 S I(C H 3 )3]4 is formed as an orange oil upon addition of
CH 2S i(CH3)3MgCI to (OSO2CI4]2* in diethyl ether. Not much is known about
this compound as it has only recently been synthesized by Bob Marshman. 
It is believed to exhibit the geometery shown (Fig. 3) and to undergo 
oxidation to form O8O4 under favorable conditions.
(3)
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Figure 3
Organometallic reactions of alkanes can be divided into two types 
(fig. 4). The large majority proceed by a olassioal mechanism: p i 
coordination of the alkene followed by an insertion and then a reductive 
elimination (Eq.4a). in the second type of mechanism the ligands here are 
activated by the metal bound to them so that the alkene reacts directly at 
the ligands (Eq.4b).13
The oxidation of alkanes by osmium tetroxide and other oxo-metal 
com plexes such as ohromyl ohloride, potassium perm anganate and 
•elenlum  dioxide has long been thought to prooeed via direct oxygen attack 
at the unsaturated alkene oenter (Eq.4to).# This mechanism is believed to 
take piece via formation of an osmium(VI) intermediate (fig. sa) , 1 4  which 
upon reductive or oxldtidve hydrolysis, yields the oorreepondlng oft- (Not.
Figure 4
(4)
An increased understanding of transition metal catalyzed reactions 
has led Sharp less (1977) to propose an alternative c/s- addition 
mechanism that proceeds via the formation of a metal olefin p i complex.21 
This mechanism, using the reaction of chromyl chloride with an alkene as 
an example, begins with the formation of a chromyl chloride olefin p i 
complex (fig 5b). The olefin then inserts into a chlorine-chromium bond 
(cis-chloromethylation) to produce the alkylchromium intermediate (Fig 
5c). This intermediate will then undergo reductive elimination to produce 
the cis dichloride. The advantage of this mechanism is that it can be used 
to explain the formation of chlorohydrins and epoxides, in addition to the 
dichioride, which previously proposed mechanisms cannot.21
5b 5c
Figure 5
The hydroxylation of alkanes by osmium tetroxide can proceed in one of 
two ways: stoiohiometrically via a reduotive pathway in whioh the 
osmium(VI) complex is hydrolyzed reductively to produce an insoluble salt 
and the corresponding diol, or catalytically via an oxidative pathway in 
which the osmium(VI) complex is oxidized to regenerate the tetroxide and 
the corresponding diol product.*’1*
m
Although stoichiometric oxidations of alkenes by osmium tetroxide 
usually produce better yields of diol products and are particularly 
applicable for small scale oxidations of precious materials, it is more 
usual for reasons of cost and convlenience to use osmium tetroxide 
ca ta litica lly .12 This can be achieved by using OSO4 in the presence of a
secondary oxidant which hydrolyzes the osmium(VI) intermediate ester 
complex oxidatively to regenerate the tetroxide which can undergo further 
reduction by the substrate. The reaction is complete upon consumption of 
the secondary oxidant. A variety of oxidants have been used in conjunction 
with osmium tetroxide, the most popular being hydrogen peroxide, metal 
chlorates, fert- butyl hydroperoxide, oxygen, sodium periodate, and sodium 
hypochlorite.12
Milas and others have extensively studied the mechanism of the 
catalytic process. On the addition of OSO4 to the oxidant, the formation of
a complex, formulated as peroxyosmic acid, h^OsOg (Fig. 6),18 takes place;
this rapidly reacts with alkenes to form ester species. Hydrolysis is 
thought to occur via cleavage of the osmium(VIII) ester complex (Fig. 7) to 
give osmium tetroxide and the corresponding cis -diol.16
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The main disadvantage of this catalytic method is that overoxidation to 
give carbonyl products often occurs, especially when using oxygen or 
sodium periodate as the secondary oxidant, thus lowering the final diol 
y ie ld .12
Potassium osmate and other osmyls have also been used catalytically as 
cis-hydroxylatlng agents. These reagents behave as nonvolatile sources of 
osmium tetroxide, the tetroxide being generated in situ by hydrogen 
peroxide oxidation.12
(9)
Experim ental:
The oxidation procedure chosen for the catalytic cis hydroxlation of the 
olefin was closely modeled after the procedure outlined by Milas and 
Sussman (1937).1 In this reaction the olefin used was cyclohexene dried 
over Linde 4A molecular sieves and stored under N2 . The following
reaction conditions were used for each osmium catalyst tested.
Into a 5ml. volumetric flask containing distilled toluene was added .05 
mmol, cyclohexene and .02 mmol, nonane (G.C. internal standard). The 
solution was stirred and chilled in an ice bath at 0°. At this point .10 
mmol of H20 2 (as 30% solution) and 26 ul of a 14.2% (.02 mmol.) osmium
tetroxide solution in toluene was added and the resulting slightly orange 
solution was stirred at 0° for 12 hours.This reaction mixture was then 
subjected to G.C. analysis.
The above reaction parameters were followed for the K2[0 s0 2(0 H)4],
(PPh4)2(0 s0 2Cl4) and OsOfCH^SKCH^^ osmium catalysts studied. 3%
solutions of K2[0s02(0H)] and (PPt^COsC^C^ where used due to the low
solubility of these compounds in toluene. Volumes of these catalyst 
solutons were then changed to provide .02 mM of catalyst in each reaction.
Appropriate dry box precautions must be taken when handling volltlte Osmium comounds such 
as O8O4. The reaction must be carried out at 0° for if It proceeds at room temperature
carbonyls will be produced, lessening the diol yield. 1 
OSO4 was supplied by Aldrich Chemical Company.
K2[0 s0 2(0 H)4] was synthesized by Lou B. according to the procedure
outlined by W.P. Griffith, 1964.10
(PPh4)2(0 s0 2C l4) and OsOfCHgSiMeg) are compounds synthesized by 
Bob Marshman under the following conditions:
Preparation of (PPh4)2[0 s0 2C l4]
A solution of tetraphenylphosphonium chloride was prepared by 
dissolving 0.700g of PPi^CI in 45mL of 2M HCI. 45ml of water was also
added. K2[0 s0 2C l4] was prepared by dissolving potassium osmate(0.229g,
0.622mM) in 2M HCI. Addition of PPh4CI to the brown K2 ( 0 s 0 2CI4)
solution caused immediate precipiation of the buff colored product.
IR v(O -Os-O) 840 cm-1. Analysis caluiated for C4qH 4qCI4 0 s 0 2P 2 ; C
55.28% H 3.86% found: C 55.09% H 3.83%.
(7)
Preparation of 0s(0)[CH2Si(CH3)3]4
( P P h 4 ) 2 [ ° s ° 2 C I4^0 0529 ’ 0.0495mM) was dissolved in 30 ml of
dichloromethane. 4 Equivalents of 1M Np'MgCI in diethyl ether was added 
dropwise by syringe. The blue solution turned brown then orange when the 
reaction v/as complete. Solvent was removed under vacuum. The 
orange-brown residue was redissolved in 1 ml of dichloromethane and 
filtered to remove any undissolved material. The orange product was 
separated from the reaction mixture by column chromatography. The 
column was packed with silica gel and eluted with dichlormethane. 
Evaporation to dryness left an orange oil which could be crystallized at 
-30°C. Analysis calculated for C 12H44O O sS i4 ; C 34.62% H 7.98% found C
34.84% H 7.76%. 1H NMR 0.078ppm (s, 9H, -CH2Si(CH3)3), 3.739ppm (s. 2H,
-C H 2S i(C H 3)3). 13C{1H} NMR 38.64 ppm (-CH2S i(C H 3)3) 1.673 ppm
( -C H 2 S i( C H 3 )3 ). Mass spectral data was consistant with above
formulation.
Analytical chromatography was performed on a Hewlett Packard flame 
ionization model 5790A gas chromatograph using a 2.0 meter Poroprck Q 
2mm i.d. glass column. The internal standard method was used for 
quantitative G.C. analysis with response factors determined seperately for 
each reaction under the analysis conditions by means of a standard 
solution. Peak areas were measured by electronic integration via a 
Hewlett Packard model 3390A plotting/reporting integrator. For the 
standard O.Sul. sample injection the chromatograph and integrator 
parameters were:
Chromatograph:
N2 Gas flow: 20 mUmln.
Temp 1:33° 
Tlme1:1.0m ln.
Rate: 20 degrees/mln. 
Temp 2:200°
Integrator: 
Attenuation: 9
Threshold: 8 
Chart Speed: 2 
Peak Width: .16 
Area Reject: 3500
Time 2:20 min. 
Injector T°: 260° 
Detector T°: 300°
(8)
The internal standard method was used for quantitative G.C. analysis 
with response factors determined seperately for each reaction by means 
of an standard solution of similar concentration. The internal standard 
consisted of .02 mM of nonane present in every reaction solution. 
Response factors are defined as:
m is s  Qf product area of standard 
" Fs moles of standard area of product
Product peak identification was made through G.C. column retention 
times since most compounds possess unique retention times due to 
differing molecular configurations, polarity and boiling points. Once a 
product peak was tenatively identified by its retention time, purified 
product was added to the reaction mixture and subsequent enlargement of 
the single peak provided more positive peak identification. The internal 
standard method takes into account any inaccuracies caused by 
inconsistant sample injections and drifting chromatographic conditions 
because all results are compared to the internal standard by means of the 
response factor.
R e s u lts :
The oxidation procedure chosen for the catalytic cis hydroxylation of 
cyclohexene was modeled closely after the procedure outlined by Milas 
(1937).1 The reaction, scaled down to millimolar proportions, was tested 
using the Osmium tetroxide catalyst to yield results within 10% of those 
obtained by Milas. The method was repeated until the technique yielded 
results that varied 2-3% per run, the maximum precision expected for G.C. 
using the syringe column loading technique.17 This reaction (outlined in 
experimental section) was then used under precisely the same conditions 
for each subsequent catalyst tested (see Table 1).
(9)
Catalytic cis-Hydroxylation of Cyclohexane with 
Catalyst and Hydrogen Peroxide
Catalyst Product % Yield
0 s0 4
K2[0 s0 2(0H)4]
[PPh4]2[0 s 0 2CI4]
OsO[CH2Si(CH3)3]
cis cyclohexane diol 
N.R.
N.R.
N.R.
52%
Table 1
The 52% yield for the 0 s 0 4 catalyzed cis -hydroxylation corresponds to
the production of .026 mM c is  -cyclohexane-1,2 diol (Milas yield was 58%). 
Since cyclohexene was the limiting reagent, 100% yield would correspond 
to the production of .05 mM of the c is - diol, all of the cyclohexene present 
being converted to this product.
The number of times a catalyst cycles through a reaction is a good 
measure of the catalysts efficiency under the given conditions. In the 0 s 0 4
catalyzed reaction it was found that .020 mM of O s04 catalyzed the
production of .026 mM of the c is - diol. For the osmium metal center T.O.- 
1.3 in 12 hours. It was thus not a very effective catalyst under the chosen 
conditions.
The trials of OsO[CH2SI(CH3)3]4 , K2[0 s0 2(0H)4] and (PPh4)2( 0 s 0 2CI4)
using the identical catalytic cycle as the O s04 resulted In no detectable
reaction. A product peak did not develop, nor did the amount of cyclohexene 
change from the amount at the start of the reaction. The reactions were 
allowed to progress for 46 hours at 0° with no results detectable by G.C..
Discussion:
As mentioned in the introduction potassium osmate, K2[ 0 s 0 2(0H )4] , has
been used with hydrogen peroxide as a successful hydroxylating agent in 
dlethly ether. In this reaction the oamyl behaves as a nonvolatile source of 
O s 0 4 , the tetroxide being generated in situ by hydrogen peroxide
oxidation.12
(10)
Thus when exposed to the proper oxidizing environment, osmyls will be 
oxidized to OSO4 which will react with an alkene (cyclohexene) to produce
the corresponding c is  -diol. Since hydrogen peroxide has previously been 
shown to be a sufficient oxidant in these reactions, something in the 
reactions under study must be reducing the H20 2 . It cannot be a direct
oxidation of the alkene, for although H20 2 has been shown to act as a
hydroxylating agent when irradiated with U.V. radiation, under normal 
conditions negligable direct oxidation occures.12 Also decreases in alkene 
concentration resulting from this direct oxidation were not detected by 
G.C. analysis.
In the reaction under study, oxidation of the toluene solvent must be 
responsible for the reduction of the hydrogen peroxide (similar oxidations 
have been noted with benzene18).lt has been shown that, in the presence of 
aqueous acids, the electron-donating groups in toluenes ring facilitate the 
oxidation to products such as benzoic acid.22 
The products formed in the oxidation of toluene via H20 2 escaped G.C.
detection because they eluted out of the column with a retention time 
similar to toluene, thus the oxidation product peaks were obscurred by the 
large toluene solvent peaks and escaped detection. Also since solvent 
peaks tend to flood the flame ionized detector, producing area drifts of 5% 
or more, small differences in solvent concentration are generally not 
detected.
Thus the lack of proper oxidant would serve to explain the reactivities 
of all osmium complexes studied. In the case of OSO4 the intermediate
osmium (VI) compound (fig. 5) must be oxidized to regenerate the OSO4 . It
has been shown that in the absence of secondary oxidants in the presence 
of Aonreducing solvents, insoluble black dimeric monoesters (fig 8) and 
monomeric diester complexes(fig 9) are formed.19 The formation of these 
insoluble complexes serve to precipitate the osmium metal center out of 
the catalytic cycle.
Figure 8 Figure 9
(11)
In the reactions of the osmyl complexes; K2 [0 s 0 2 (0 H )4 ) and
( P P h 4 )2 ( O s 0 2 C l 4 ) and the other osmium complex tested;
O sO [CH 2S i(CH 3)g]4 , a primary oxidation step is needed to promote these
osmium complexes to the reactive osmium(VIII) tetroxide state. Without 
this primary oxidation step, these relatively stable osmium compounds are 
inactive hydroxylating catalysts.
Future studies of the catalytic activity of osmium compounds should be 
undertaken in solvents such as diethly ether20 or butyl alcohol1. The uso of 
non-oxidizable solvents will allow for stronger oxidation of the osmium 
compounds to occur. Under these stronger oxidizing conditions osmyls will 
become active alkene hydroxylation catalysts12 and the catalytic activity 
of other osmium complexes may then be examined.
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